Here we propose the use of twist and glide symmetries to increase the equivalent refractive index in a helical guiding structure. Twist-and glide-symmetrical distributions are created with corrugations placed at both sides of a helical strip. Combined twist-and glide-symmetrical helical unit cells are studied in terms of their constituent parameters. The increase of the propagation constant is mainly controlled by the length of the corrugations. In our proposed helix antenna, twist and glide symmetry cells are used to reduce significantly the operational frequency compared with conventional helix antenna. Equivalently, for a given frequency of operation, the dimensions of helix are reduced with the use of higher symmetries. The theoretical results obtained for our proposed helical structure based on higher symmetries show a reduction of 42.2% in the antenna size maintaining a similar antenna performance when compared to conventional helix antennas.
Introduction
Symmetrical structures are present in a huge number of natural phenomena. On occasion, symmetries have a positive impact in the physical response and properties of materials. Therefore, when symmetries are not spontaneously found in nature, engineers have found a manner to tailor them in an artificial manner [1] . The use of symmetrical geometries modifies the physical properties of materials, such as their mechanical, thermal or electromagnetic responses [2] . Among these properties, those related to electromagnetic behaviour are of great importance for conductive materials and dielectric substrates. The electromagnetic properties resulting from configurations with one-dimensional higher symmetries were initially studied in the 1960s and 1970s [3, 4] . However, it has been in recent years, with the new developments on computational electromagnetics, that more complex structures, including two-dimensional and three-dimensional higher-symmetric structures, have been studied. These structures have demonstrated new possibilities for the design of microwave and millimeter-wave circuits and antennas [5] . Some of the key advantages of employing higher symmetries in the design of radiofrequency devices are: significant reduction of the frequency dispersion [6] , accurate control of the equivalent refractive index [7] , control and elimination of stop-bands in periodic structures [8] .
A periodic structure possesses a higher symmetry when it is invariant under a translation and another spatial operator such as a rotation or mirroring. Two commonly used higher symmetries are glide and twist symmetries as illustrated in Figure 1 . While the extra spatial operator for glide symmetries is a mirroring with respect to a glide line/surface [9, 10] , for the twist symmetries the operator is a rotation along a twist axis [10] [11] [12] . Twist symmetry is a more general concept than glide symmetry. For example, when the unit cell is symmetrical along the transversal direction, a 180 • twist-symmetrical structure turns out to be glide-symmetrical too.
Symmetry 2018, 10, x FOR PEER REVIEW 2 of 14
A periodic structure possesses a higher symmetry when it is invariant under a translation and another spatial operator such as a rotation or mirroring. Two commonly used higher symmetries are glide and twist symmetries as illustrated in Figure 1 . While the extra spatial operator for glide symmetries is a mirroring with respect to a glide line/surface [9, 10] , for the twist symmetries the operator is a rotation along a twist axis [10] [11] [12] . Twist symmetry is a more general concept than glide symmetry. For example, when the unit cell is symmetrical along the transversal direction, a 180 o twist-symmetrical structure turns out to be glide-symmetrical too. Twist and glide symmetries were demonstrated to reduce the dispersion of metasurfaces, providing unit cells with a flattened frequency dependence. This is advantageous for the design of wideband microwave devices, such as planar lenses [3] . Also, the use of glide symmetries in metallic holey structures, as reported in [4] , increases the bandwidth of the electromagnetic bandgaps. These glide-symmetrical holey structures have been proposed for cost-effective gap waveguide technology at the millimeter-wave frequency range. Additionally, the combination of twist-and glide-symmetrical configurations increases the equivalent refractive index of periodic structures [5] , enhances the linearity of the modes, and creates additional stop-bands at given frequencies [10] . In [13] , the use of higher symmetries has been applied to produce a multibeam Luneburg lens antenna with low scan-losses and wide bandwidth. Gap waveguides with glide-symmetrical holey EBG structures were proposed in [14] , creating cost-effective guiding structures at high frequencies. Using this technology, a wideband phase shifter was proposed in [15] . Finally, low-loss waveguide flanges were proposed in [16] , with the use of glide-symmetric holes around the waveguide apertures. In this manner, the leakage at the waveguide joint is avoided. Lastly, a recent work about the application of glide-symmetry in printed double-sided parallel-strip lines demonstrated the potential of glide symmetry to produce low dispersion transmission lines and filter behavior by breaking the symmetry [9] . Twist and glide symmetries were demonstrated to reduce the dispersion of metasurfaces, providing unit cells with a flattened frequency dependence. This is advantageous for the design of wideband microwave devices, such as planar lenses [3] . Also, the use of glide symmetries in metallic holey structures, as reported in [4] , increases the bandwidth of the electromagnetic bandgaps. These glide-symmetrical holey structures have been proposed for cost-effective gap waveguide technology at the millimeter-wave frequency range. Additionally, the combination of twist-and glide-symmetrical configurations increases the equivalent refractive index of periodic structures [5] , enhances the linearity of the modes, and creates additional stop-bands at given frequencies [10] . In [13] , the use of higher symmetries has been applied to produce a multibeam Luneburg lens antenna with low scan-losses and wide bandwidth. Gap waveguides with glide-symmetrical holey EBG structures were proposed in [14] , creating cost-effective guiding structures at high frequencies. Using this technology, a wideband phase shifter was proposed in [15] . Finally, low-loss waveguide flanges were proposed in [16] , with the use of glide-symmetric holes around the waveguide apertures. In this manner, the leakage at the waveguide joint is avoided. Lastly, a recent work about the application of glide-symmetry in printed double-sided parallel-strip lines demonstrated the potential of glide symmetry to produce low dispersion transmission lines and filter behavior by breaking the symmetry [9] .
Here, we proposed the combination of glide and twist symmetries to reduce the size of helix antennas based on the increment of the equivalent refractive that the higher symmetries produce.
Materials and Methods
For antenna designs that are based on field guidance and progressive matching towards free space, as is the case in helix-based antennas, the use of higher-symmetrical configurations can be beneficial.
In this section, we analyze the electromagnetic effects of including twist and glide corrugations of a metallic flat strip in a helix structure, defining the guidelines for antenna designs.
Baseline Helix Antenna Designs
The general structure of a helix antenna is shown in Figure 2a , and it is formed by a ground plane and a conducting helix structure. The basic parameters that define a helix antenna are: the radius (r), the pitch (p) and the pitch angle (α). The mathematical relation between these parameters is: Here, we proposed the combination of glide and twist symmetries to reduce the size of helix antennas based on the increment of the equivalent refractive that the higher symmetries produce.
Materials and Methods
For antenna designs that are based on field guidance and progressive matching towards free space, as is the case in helix-based antennas, the use of higher-symmetrical configurations can be beneficial. In this section, we analyze the electromagnetic effects of including twist and glide corrugations of a metallic flat strip in a helix structure, defining the guidelines for antenna designs.
Baseline Helix Antenna Designs
The general structure of a helix antenna is shown in Figure 2a , and it is formed by a ground plane and a conducting helix structure. The basic parameters that define a helix antenna are: the radius (r), the pitch (p) and the pitch angle (α). The mathematical relation between these parameters is: Depending on these parameters, the antenna can operate in two common modes of radiation: normal and axial mode. The antenna is operating in its normal mode (Figure 2b ) if, for a certain working frequency fo, the helix circumference is considerably smaller than the wavelength (2πr << λo) [17] . The polarization in this mode is typically aimed to be circular. The antenna operates in its axial Depending on these parameters, the antenna can operate in two common modes of radiation: normal and axial mode. The antenna is operating in its normal mode (Figure 2b ) if, for a certain working frequency f o , the helix circumference is considerably smaller than the wavelength (2πr << λ o ) [17] . The polarization in this mode is typically aimed to be circular. The antenna operates in its axial mode if the helix circumference is in the order of the wavelength (2πr ≈ λ o ) and the pitch distance p is a quarter of the wavelength (p ≈ λ o /4) [18] . Therefore, for the axial mode, the pitch angle must be around 15 degrees, following Equation (1). This mode produces high directivity as illustrated in Figure 2c and provides circular polarization. The use of twist and glide symmetries, depicted in the following subsections, increase the propagation constant. This can be of interest for antenna miniaturization for a given frequency. The miniaturization of the helix antenna in axial mode is useful in applications with space restrictions, such as in antenna arrays.
A helix antenna can be made with a metallic strip instead of a wire. In this case, the strip width w plays a role on the antenna impedance matching [19] . Equations (2) and (3) show the mathematical relations of the pitch length (L p ) and gap between turns (g) regarding the basic helix parameters.
Helix antennas are travelling wave antennas that can be classified as slow-wave since the phase velocity of the wave in the structure is smaller than the speed of light. However, this kind of antennas radiate in the curvatures similar to a conventional helix antenna. This radiation is affected by the discontinuities produced by the corrugations. A classical explanation of the operation of a helix antenna operating in the axial mode is that the radiation is similar to an array of loops whose phase distribution produces an end-fire radiation [20] .
Periodic Glide-Symmetrical and Twist-Symmetrical Unitary Cells
The unitary cell corresponds to one turn of the helix. The basic parameters to be considered for the baseline periodic cell are: the periodicity (p), the metallic helix strip width (w), the gap space between the wrapped helix strip (g), and the unwrapped length of one turn of the helix strip (L p ). Figure 3a shows the baseline cell both in 3D and in a planar view.
The twist symmetry can be easily introduced to this basic helix cell by adding an integer number of corrugations per cell to any (or both) sides of the strip. These corrugations have inherent twist symmetry due to the helical configuration of the strip. Figure 3b depicts the parameters that characterize the twist-symmetrical strip, which are: the width of the corrugation (w c ), its length (h c ), and the number of corrugations per unit cell (N c ). The unit cell is composed by sub-cells that consist of a pair of adjacent corrugations.
A twist configuration can be modified to become also a glide. In this case, one corrugation of each pair of the consecutive corrugations is moved to the opposite side of the strip, as illustrated in Figure 3c . In that case, the glide-symmetric periodicity includes a pair of opposed corrugations and its unwrapped length is L p /N subcell . Therefore, the number of glide periods is N subcell = N c /2. It should be noted that, although this configuration is glide in its unwrapped version, once it is rolled, the relation between corrugations of the consecutive turns are not glide. This can be corrected by including a small misalignment (offset) of the corrugations in one of the strip sides so the corrugations of the structure, once wrapped, fit together again. The offset value that satisfies this condition is p·sin(α)-L p /N c as illustrated in Figure 3d . Notice that this case keeps a glide configuration, not regarding the strip, but between strip turns. The electromagnetic behavior of this periodic structure can be characterized with the dispersion diagram of the unitary cell that, in this work, is calculated with the eigenmode analysis of CST Microwave Studio. Since this full-wave electromagnetic solver does not allow eigenmode simulations with open boundary conditions, this requirement in the y and z directions is satisfied by oversizing the simulation box in those directions and imposing an electric wall (Et = 0) at these boundaries. This does not have influence in the frequency range under study since the distance to the box boundaries is much larger than the helix diameter. In the x direction (the direction of the axis of the helix structure), the boundary condition is periodic.
Figures 3a-d provide the schematics under study of the helix unitary cell. Their dispersion diagrams are illustrated in Figure 3e . In this graph, the reference is the dispersion diagram of the helix cell without corrugations (blue line). The twist inclusions in the helix unitary cell increase the propagation constant value, which also becomes almost linear with respect to the frequency for the first propagating mode. Additionally, the closed stop-band between the first and second propagation mode is eliminated. The combination of twist and glide symmetries in the unitary cell slightly increases these effects. The glide case with offset presents similar results for the first mode, as illustrated in Figure 3e , but it permits a further increase of the length of the corrugations without the overlapping between turns.
Parametric Tuning Effects
The effect of modifying the parameters of the corrugated structure is here studied. This study is aimed to produce general guidelines that will be of use for the design of helix antennas.
On the Twist Symmetry
The first parametric study, illustrated in Figure 4 , is focused on the corrugations of the twist configuration. First, the results for the variation of the length of the corrugations (hc) are depicted in Figure 4a . The increase in the length produces a higher propagation constant, which means an increase of the effective refractive index of the structure. Figure 4b provides the results of modifying the width wc, while preserving the number of corrugations per turn (Nc). This effect is smaller than in the case of the length of the corrugations (hc). In Figure 4c , we illustrate the effect of the number of corrugations per turn (Nc) for a fixed corrugation width. Although the cell periodicity is the same for The electromagnetic behavior of this periodic structure can be characterized with the dispersion diagram of the unitary cell that, in this work, is calculated with the eigenmode analysis of CST Microwave Studio. Since this full-wave electromagnetic solver does not allow eigenmode simulations with open boundary conditions, this requirement in the y and z directions is satisfied by oversizing the simulation box in those directions and imposing an electric wall (E t = 0) at these boundaries. This does not have influence in the frequency range under study since the distance to the box boundaries is much larger than the helix diameter. In the x direction (the direction of the axis of the helix structure), the boundary condition is periodic. Figure 3a -d provide the schematics under study of the helix unitary cell. Their dispersion diagrams are illustrated in Figure 3e . In this graph, the reference is the dispersion diagram of the helix cell without corrugations (blue line). The twist inclusions in the helix unitary cell increase the propagation constant value, which also becomes almost linear with respect to the frequency for the first propagating mode. Additionally, the closed stop-band between the first and second propagation mode is eliminated. The combination of twist and glide symmetries in the unitary cell slightly increases these effects. The glide case with offset presents similar results for the first mode, as illustrated in Figure 3e , but it permits a further increase of the length of the corrugations without the overlapping between turns.
Parametric Tuning Effects
On the Twist Symmetry
The first parametric study, illustrated in Figure 4 , is focused on the corrugations of the twist configuration. First, the results for the variation of the length of the corrugations (h c ) are depicted in Figure 4a . The increase in the length produces a higher propagation constant, which means an increase of the effective refractive index of the structure. Figure 4b provides the results of modifying the width w c , while preserving the number of corrugations per turn (N c ). This effect is smaller than in the case of the length of the corrugations (h c ). In Figure 4c , we illustrate the effect of the number of corrugations 
On the Combined Twist and Glide Symmetry
If glide symmetry is added, the effect previously reported in the twist case is enhanced as depicted in Figure 5a . In this configuration, a higher integration between corrugations is possible, so a higher value for the length of the corrugation can be achieved (h c ). Variations in the width of the corrugations (Figure 5b ) and the number of corrugations (Figure 5c ) have a more limited effect.
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Symmetry Breakage
Finally we illustrate here the effect of the breakage of the higher symmetry in the structure. The presence of the bandgap when the symmetry is broken is useful for filtering purposes [9] . Although this symmetry breakage can be introduced in different ways, here we only show the effect of one representative case that is depicted in Figure 6a . The breakage is produced by increasing the length of the corrugation of one sub-cell. The dispersion diagram of this structure is illustrated in Figure 6b , in which a stop-band between the first and second modes is generated due to the rupture of the symmetry. Additionally, when the symmetry is broken, the frequency linearity of the propagation constant of the first mode is lost. Notice that in this subsection we only present a brief description of the possibility of breaking the symmetry for filtering purposes, but it is not used in the antenna design. In our specific antenna design, the main goal is miniaturization and filtering is not intended. Therefore, the importance relies in the position of the modes in the dispersion diagram that has to be in a lower position regarding to the position of the modes of the reference helix cell. Including a twist-and-broken glide-symmetrical unit cell in the helix antenna would imply a reduction of the operational bandwidth. Deeper studies regarding symmetry breakage can be found in [9] . 
Helix Antenna Miniaturization
The miniaturization of helix antennas has been the focus of several research studies, mainly for quadrifilar helix antennas [21] [22] [23] [24] . The techniques that have been generally employed for their miniaturization are core dielectric loadings [25, 26] , meander lines [27] and loading of the pointed ends of the helix arms [28] .
A straightforward consequence of increasing the propagation constant of the unitary helix cell is the miniaturization of the resulting helix antenna. A miniaturized helix antenna formed by twist-and-glide unitary cells is expected to radiate similar to a strip-only helix antenna, which is larger in dimension.
The following subsections show the comparison between two helix antenna designs operating at the same frequency. The first design is a conventional axial-mode helix strip antenna and the second design is the equivalent miniaturized twist-and-glide symmetric axial-mode helix antenna. Our proposed technique for miniaturization is fully-metallic, which means that there is no dielectric material in the structure. Therefore, dielectric losses are avoided and our miniaturized antenna can reach higher efficiency and gain at high frequency when compared to miniaturized antennas based on dielectric solutions.
Conventional Helix Antenna Design
A conventional helix antenna made of strips can be designed based on the principles described in Section 2.1. In this case, the conventional strip helix antenna design has been designed to operate in 2.45 GHz. The radius of the helix is fixed at r = 19.5 mm, which is the parameter that mainly defines the antenna frequency. The pitch angle α has a value of 15 degrees to obtain a radiation in axial mode. The strip width (w) has a value of p/3. This parameter has no noticeable effect in the working frequency. The number of helix turns N turns is chosen to be 12. A ground plane is located at the bottom of the antenna with a side dimension around one wavelength at the working frequency. A coaxial cable and a standard SMA-type transition, both of 50 Ω, are considered for the antenna feeding. These dimension values for the unit cell imply that the third mode is the one excited in our conventional antenna design. Figure 7a illustrates the |S 11 | calculated in CST Microwave Studio. The circular polarization bandwidth is illustrated in grey. The circular polarization bandwidth represents the frequency range where the antenna has an axial ratio (AR) below 3 dB at the main direction of radiation and operates in axial mode.
Helix Antenna Miniaturization
Conventional Helix Antenna Design
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(a) The conventional helix antenna has an impedance bandwidth (-10 dB of the |S11|) of 54.5%, and an AR bandwidth (below 3dB) of 49%. Figures 7b-d illustrate the 3D radiation pattern of the helix antenna at different frequencies. An end-fire radiation pattern with a high directivity is achieved, as expected for the axial mode.
Twist-and-Glide Symmetrical Helix Antenna Design
The use of the twist-and-glide symmetrical configuration described in Subsection 2.3.2 can be used to miniaturize a helical antenna due to their ability to increase the propagation constant. The higher the propagation constant, the larger the effect of the miniaturization. Thus, using the twist-and-glide cell configuration illustrated in Figure 5a , choosing a long corrugation length value, the size reduction of the helix antenna can be remarkable.
The twist-and-glide symmetrical helix antenna has the same feed, ground plane and number of turns than the conventional version described in Section 3.1. The only difference between both antennas is the helical strip radius. The twist-and-glide symmetrical helix antenna radius is fixed to 14.8 mm in order to operate with the axial mode. According to Equation (1) and maintaining the pitch angle at 15 degrees, if the helix antenna radius r is smaller, the pitch period p must be smaller, reducing the length of the antenna. Therefore, this new antenna will have a reduced volume, since its length and radius are both smaller. Again, these dimension values for the unit cell imply that the third mode is the one excited in our miniaturized antenna design. Figure 8a illustrates the simulated reflection coefficient, including the circular polarization bandwidth. A tapered twist-and-glide unit cell is needed in the first turn of the helix antenna for impedance matching.
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Twist-and-Glide Symmetrical Helix Antenna Design
(a) The simulation results show an impedance bandwidth of 43.4%. Circular polarization is achieved and the AR bandwidth covers 38% maintaining the central frequency at 2.45 GHz. These bandwidths are slightly narrower than in the case of the conventional helix antenna. The loss in bandwidth in the miniaturized version is caused by the difficulty of matching the corrugated strips. The directivity and size comparisons are illustrated in Figure 9a ,b. Both directivity levels are above 12 dBi but the directivity of the miniaturized design is lower due to a smaller antenna's physical aperture. Regarding the size comparison, the volume size of the conventional helix antenna has been reduced in a 42.2%. The simulation results show an impedance bandwidth of 43.4%. Circular polarization is achieved and the AR bandwidth covers 38% maintaining the central frequency at 2.45 GHz. These bandwidths are slightly narrower than in the case of the conventional helix antenna. The loss in bandwidth in the miniaturized version is caused by the difficulty of matching the corrugated strips. The directivity and size comparisons are illustrated in Figure 9a and Figure 9b . Both directivity levels are above 12 dBi but the directivity of the miniaturized design is lower due to a smaller antenna's physical aperture. Regarding the size comparison, the volume size of the conventional helix antenna has been reduced in a 42.2%. 
Conclusions
In this document, we introduce the use of higher symmetries for helix antenna design. Glide and twist symmetries can be employed to modify the propagation properties of periodic structures by increasing the value of the equivalent refractive index. This effect has been employed here to reduce the size of a helix antenna.
With the use of both twist and glide symmetries, the helix achieves a higher propagation constant of the helix, reducing its operational frequency and yielding a miniaturization in the structure. This effect is mainly controlled by the length of the added corrugations. Here, we have demonstrated a reduction of 42.2% in the antenna volume for a helix antenna operating at 2.45 GHz. Our miniaturized helix design achieves similar antenna performance to a conventional helix design in terms of directivity and AR bandwidth.
